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Summary 
An important part of the scatterometer wind data processing is the quality control (QC). 
This report shows the implementation of a new scatterometer QC procedure, based on a 
comprehensive analysis of the wind inversion residual, which significantly improves the 
effectiveness of the wind data QC. The method is applied on the Advanced Scatterometer 
(ASCAT) onboard Metop-A, but is generic and can therefore be applied to any 
scatterometer system. The method is also used to analyse the C-band geophysical model 
function (CMOD5n). It turns out that for winds around 4 m/s, the GMF does not match the 
ASCAT measurements, therefore indicating a GMF misfit or error. 
In this study, the rain impact on the ASCAT QC and retrieved winds is thoroughly 
investigated using the European Centre for Medium-range Weather Forecasts (ECMWF) 
model winds, the Tropical Rainfall Measuring Missions (TRMM) Microwave Imager 
(TMI) rain data, and tropical buoy wind and precipitation data as reference. In contrast to 
Ku-band, it is shown that C-band is much less affected by direct rain effects, such as ocean 
splash, but effects of increased wind variability appear to dominate ASCAT wind retrieval. 
ECMWF winds do not well resolve the air flow under rainy conditions. ASCAT winds do, 
but also show artefacts in both the wind speed and the wind direction distributions for high 
rain rates. The operational QC proves to be effective in screening these artefacts, but at the 
expense of many valuable winds. 
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1 Introduction 
Scatterometers are satellite-based real aperture radar instruments known to provide 
accurate mesoscale (25-50 km resolution) sea surface wind field information used in a wide 
variety of applications, including Numerical Weather Prediction (NWP) data assimilation, 
nowcasting, and climate studies. The radar antenna geometry, the measurement noise, as 
well as non-linearities in the relationship between the backscatter measurements in a Wind 
Vector Cell (WVC) and the mean wind vector complicate the wind retrieval process. In 
addition, scatterometers are sensitive to geophysical phenomena other than WVC-mean 
wind, such as local wind variability, confused sea state, rain, and land & ice contamination 
of the radar footprint. These phenomena can distort the wind signal, leading to poor-quality 
retrieved winds. As such, elimination of poor quality data is a prerequisite for the 
successful use of scatterometer winds. 
In particular, rain is known to both attenuate and scatter the microwave signal [1]. Rain 
drops are small compared to radar wavelengths and cause Rayleigh scattering. As the rain 
rate increases, the radar sees less of the radiation scattered by the surface, and more of the 
radiation scattered by the rainy layer that becomes optically thicker due to volumetric 
Rayleigh scattering [2]. The higher the frequency of the radar, the larger is the impact of 
both effects (rain attenuation and scattering). In particular, Ku-band systems, such as the 
National Aeronautics and Space Administration (NASA) scatterometer (NSCAT) [3] 
onboard ADEOS, the SeaWinds scatterometers [4] onboard QuikSCAT and ADEOS-2, and 
the currently operating Indian scatterometer onboard Oceansat-2 (OSCAT), are 
significantly affected by rain. The European Remote Sensing Satellites (ERS-1 and ERS-2) 
scatterometer [5] and the Metop-A Advanced Scatterometer (ASCAT) operate at a 
relatively low frequency (5 GHz) and, as such, the mentioned effects are expected to be 
small. However, in addition to these effects, there is a splashing effect. The roughness of 
the sea surface is increased because of splashing due to rain drops. This increases the radar 
backscatter (σ0) measured, which in turn will affect the quality of wind speed (positive bias 
due to σ0 increase) and direction (loss of anisotropy in the backscatter signal) retrievals. 
Another effect associated with heavy rain is increased wind variability. Convective rain 
cools the air below and reinforces downdraft near convective cells. These downdrafts often 
hit the ocean surface and cause outflow over the ocean, leading to variable wind speeds and 
directions. Such variability within a WVC would increase the isotropy of the radar 
backscattering at the ocean surface, yielding lower quality wind retrievals. 
Several methodologies have been proposed over the last 10-15 years to address the rain 
issue in scatterometry, notably for Ku-band systems. They can be grouped in the following 
three strategies: filtering rain-contaminated WVCs [6]-[8]; correcting for the rain-induced 
backscatter contribution [9]-[11]; and modelling both the rain- and the wind-induced 
backscatter with the objective of retrieving both parameters at the same time [12]-[13]. 
More recently, a neural network approach, which maps radar backscatter to wind in all 
weather conditions, is currently being used to reprocess QuikSCAT data [14]. 
For the operational ASCAT Wind Data Processor (AWDP) [15], developed by the Royal 
Netherlands Meteorological Institute (KNMI) in the framework of the European 
Organization for the Exploitation of Meteorological Satellites (EUMETSAT) NWP 
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Satellite Application Facility (SAF), a Quality Control (QC) has been developed. ASCAT 
onboard Metop-A operates at C band and is vertically polarized, with three fan beam 
antennas pointing at each side of the sub-satellite track [16]. The AWDP QC is based on 
the inversion residual or Maximum Likelihood Estimator (MLE) information [17]-[18], 
which can be interpreted as the closest distance of the ASCAT backscatter triplets 
(corresponding to the three antenna beams in each of the left and right swath) to the cone 
surface shown in Figure 1 [19]. For a given WVC position across the swath, the ASCAT-
measured triplets are distributed around a well-defined conical surface and hence the 
signal largely depends on just two geophysical parameters, i.e., wind speed and direction. 
Such cone, the so-called CMOD5n Geophysical Model Function (GMF) [20], represents 
the best fit to the measured triplets and can in turn be used for QC purposes. 
Figure 1. Visualization of the CMOD5n GMF (grey surface) and the ASCAT triplets (black 
dots) in 3D measurement space, for ASCAT Wind Vector Cell (WVC) number 42. The axes 
represent the fore-, aft-, and mid-beam backscatter in z-space, i.e., (zfore, zaft, zmid) where 
z=(σ°)0.625. Figure adopted from Figure 1 in Verspeek et al. [19]. 
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In general, the triplets lie close to the cone surface (i.e., low MLE values), further 
validating the two-parameter (i.e., wind vector) GMF. As shown by several QC procedures 
developed for previous scatterometer missions [6], [17], [21], a large inconsistency with 
the GMF results in a large MLE, which indicates geophysical conditions other than those 
modelled by the GMF, such as rain, local wind variability, confused sea state, or ice. As 
such, the MLE provides a good indication for the quality of the retrieved winds. However, 
no work has been done to investigate the correlation between the quality of the retrieved 
winds and the MLE sign, i.e., positive (negative) for triplets located inside (outside) the 
cone surface. 
In this study, we propose a QC method, which not only depends on the magnitude of the 
MLE but also on its sign. Moreover, the analysis of the MLE is also used to explore the 
current limitations of CMOD5n. The rain impact on ASCAT derived winds as well as the 
effectiveness of the MLE-based QC techniques are tested. 
In Section 2, the different types of wind and rain data sources used in this study are 
presented. In Section 3, the ASCAT operational QC and the MLE sign computation are 
presented. The analysis of the MLE sign in terms of a general wind quality indicator is 
described in Section 4. In Section 5, a thorough analysis of the rain impact on the ASCAT 
MLE is performed. The rain impact on the ASCAT retrieved wind quality is analysed in 
Section 6. Finally, the concluding remarks and recommendations are discussed in 
Section 7. 
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2 Data 
To study the MLE sign in terms of a general wind quality indicator (section 4), one year 
(2008) of OSI SAF 25-km ASCAT Level 2 Binary Universal Format Representation 
(BUFR) data collocated with European Centre for Medium-range Weather Forecasts 
(ECMWF) is examined. Three ECMWF 3-hourly forecast wind fields (corresponding to 
analysis times of 0 UTC or 12 UTC and forecast steps between + 3h and +18h) on a 62.5-
km grid are interpolated both spatially and temporally to the ASCAT data acquisition 
location and time, respectively. 
To study the effects of rain on both the quality of ASCAT retrieved winds and the 
performance of the MLE-based QC, two different collocation datasets are examined: 
 The first dataset consists of one year (2008) of OSI SAF 25-km ASCAT Level 2 BUFR 
data collocated with ECMWF winds and Tropical Rainfall Measuring Missions 
(TRMM) Microwave Imager (TMI) rain data. The TMI data have been obtained from 
the Remote Sensing Systems web site (http://www.ssmi.com). 
The collocation criteria for TMI rain data are less than 30 minutes time and 0.25º 
spatial distance from the ASCAT measurement. Figure 2 shows the spatial distribution 
of the ASCAT-ECMWF-TMI collocations on a global map, both for rain free 
conditions (top) and for rainy (i.e., for TMI rain rate above 0.1 mm/hr) conditions 
(bottom). There is a total amount of about 6.4 million collocations, 5.9 million under 
rain-free conditions and 0.5 million for various rain conditions. When the collocation 
time is reduced to 15 minutes, the total number of collocations is reduced to roughly 3 
million. Note that the bottom panel highlights two regions of interest with substantial 
collocations under rainy conditions, i.e., the Pacific Inter Tropical Convergence Zone 
(ITCZ) and the Extratropical (North) Pacific area (see Section 4). 
Also note that the collocations are confined between 40°S and 40°N, because of 
TRMMs low orbit inclination (35°). The Special Sensor Microwave Imager (SSM/I) 
onboard the Defense Meteorological Satellite Program (DMSP) satellites provide rain 
data at all latitudes. However, due to the difference in Equator crossing times between 
DMSP orbits and Metop-A orbit, virtually no collocations with ASCAT data are found 
for the mentioned time collocation criteria (either 15 or 30 minutes). Since this work 
requires small collocation errors, no SSM/I data are used. 
 The second dataset used in this study consists of 4.5 years (March 2007- August 2011) 
of OSI SAF 25-km ASCAT Level 2 BUFR data collocated with ECMWF winds and 
tropical moored buoy wind and precipitation data. Only buoys equipped with a rain 
gauge are used in this dataset. By using the same collocation criteria as in the first 
dataset, a total amount of about 3400 collocations are obtained. Note that the reason for 
using this collocation dataset instead of collocation of all available buoy wind data with 
the ASCAT-ECMWF-TMI dataset is that the former yields three times more 
collocations than the latter. 
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Figure 2. Spatial distribution of the ASCAT-ECMWF-TMI collocations on a global map, 
both for rain free conditions (top) and for rainy conditions (bottom). A total of 5.9 (0.5) 
million collocations are represented in the top (bottom) panel in a 1° x 1° boxes, ranging 
from no collocations (black) to the maximum number (bright white). Note that two regions 
of interest are highlighted: the Pacific Inter Tropical Convergence Zone (ITCZ) and the 
Extratropical (North) Pacific area. 
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The tropical moored buoy data used correspond to the National Oceanic Atmospheric 
Administration (NOAA) TAO and PIRATA buoy arrays, which are located in the 
tropical Pacific and Atlantic Oceans, respectively, and the Research Moored Array for 
African-Asian-Australian Monsoon Analysis and Prediction (RAMA), which are 
located at the tropical Indian Ocean (see Figure 3). The wind and precipitation data are 
available online at the following NOAA site: http://www.pmel.noaa.gov/. In this study, 
the buoy wind data distributed through the Global Telecommunication System (GTS) 
stream, quality controlled and archived at ECMWF, and kindly provided by Jean-
Raymond Bidlot are used instead. Details on the data quality control (QC) can be found 
in [22]. Note that, because of how the GTS data are encoded, the individual wind 
observations are only available to the closest m/s. 
The buoy winds are measured hourly by averaging the wind speed and direction over 
10 minutes. The real winds at a given anemometer height have then been converted to 
10-meter equivalent neutral winds using the LKB model [23] in order to enable a good 
comparison with the 10-meter scatterometer and ECMWF winds. The buoy 
precipitation data are collocated with the buoy winds from the same position (i.e., the 
same buoy). Two different temporally-averaged rain rate parameters are computed, i.e., 
2-hourly and daily.  
Figure 3. Geographical location of the tropical moored buoys used. 
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3 ASCAT operational QC and MLE sign computation 
The most common approach used for scatterometer wind inversion is the Bayesian 
approach, which leads to the Maximum Likelihood Estimator (MLE) technique [17], [24], 
[25], [26]. For the ERS and ASCAT scatterometers, the following simplified MLE function 
is minimized [17]: 
 


3
1
2
3
1
i
sioi zzMLE                   (1) 
where i is the measurement index, 625.0)( ooioiz  is the transformed backscatter 
measurement, and 625.0)( osisiz   is the transformed backscatter simulated through the GMF. 
The C-band GMF, i.e., the so-called CMOD5n [20], is represented in z-space in the 
following way: 
]2cos(,cos,1[,, 21
625.0
0   vBvBvBvzs              (2) 
where , , and v are the incidence angle, azimuthal wind direction angle and wind speed, 
respectively. B0, B1, and B2 are functions of wind speed and incidence angle and were 
obtained by fitting the GMF to ERS scatterometer data which covers an incidence angle 
range of 18-55. 
Different wind speed and direction trial values are used in the GMF in order to minimize 
the MLE (Eq. 1). Neglecting the GMF uncertainty, the following equation is used: 
625.0)( i
o
sioiz   , where i  is the backscatter error with relative error osiiiKp  , to 
determine the expectation value of Eq. 1 by using a Taylor expansion: 
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2625.0
3
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isi KpzMLE                 (3) 
The MLE inversion technique is also used for other scatterometers, albeit using a slightly 
different formulation [24] and therefore different expectation value [21]. The expected 
MLE (Eq. 3) is very valuable for QC [17], [21] and wind retrieval purposes [14], [27]. 
Detailed information on the estimation of measurement errors (Kp) can be found in [28]. 
Several studies [17], [21], [28] show that Kp misestimation leads to differences in the 
expected MLE across the sub-satellite track. As such, an additional empirically-derived 
WVC-dependent normalization is generally derived for QC and wind retrieval purposes 
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[21], [7]. In summary, scatterometer wind QC is generally based on the MLE normalized 
by the estimated measurement noise through a WVC-dependent factor. 
For ASCAT, the QC procedure implemented in the operational Level 2 ASCAT Wind Data 
Processor (AWDP) during the first three years of the MetOp-A mission, was also based on 
the normalized MLE, similar to that of the ERS scatterometer [28]. AWDPv1.0.18 provides 
two wind solutions. The inversion residual or MLE was normalized by the measurement 
noise [28] and a WVC-dependent factor. A fixed threshold value of this normalized MLE 
(hereafter referred to as MLE), i.e., 18.6, is used in AWDP to discriminate between poor 
and good quality wind data. As such, a WVC with MLE value below (above) 18.6 is 
accepted (rejected) in the processing chain. Table 1 summarizes the overall performance of 
the ASCAT MLE-based QC. The mean vector root-mean-square (VRMS) difference 
between ASCAT and ECMWF model winds is used as a quality indicator. The substantial 
difference in terms of quality (relative to ECMWF model winds) between accepted and 
rejected WVCs denotes an effective QC. 
Table 1. Percentage and Mean VRMS difference between ASCAT and ECMWF winds for 
accepted and rejected data. Note that the scores for the new QC (see sections 3 and 4) are 
shown in parenthesis.
QC Fraction of data (%) VRMS (m/s) 
Accepted 99.55 (99.61) 1.79 (1.79) 
Rejected 0.45 (0.39) 5.68 (6.12) 
MLE sign computation 
Figure 4 shows a schematic illustration of a cross section of the cone surface shown in 
Figure 1. Note that such cross section is almost perpendicular to the cone, and mainly 
shows the variation due to wind direction (ø) at approximately constant wind speed 
(cos(2) term in Eq. 2 [17]). By computing the inner product of 
0AzH s
  and os zzM 
 
(see Figure 4), one can straightforwardly determine whether the measurement triplet is 
inside or outside the cone surface, i.e., the inner product will be positive when the triplet 
( 0z
 ) is inside the cone and negative when the triplet is outside the cone. 
The triplets on the GMF surface, i.e., sz
 , are given by the inversion. The ASCAT 
minimization procedure (Eq. 1) generally produces 2 wind vector solutions. For each wind 
solution [ solsolv , ], a sz  can be derived using Eq. 2. Likewise, the cones major axis location 
can be derived from Eq. 2, i.e., 625.0
00 ),( solvBA 
  . 
As such, for each minimum MLE value in Eq. 1, i.e., MLEsol (inversion residual 
corresponding to a wind solution), a sign can be added in the following way: 
solsol MLEMH
MHMLE 
 

'                              (4) 
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To mimic the old (signless) MLE-based procedure with the new parameter MLE (Eq. 4), 
the ASCAT QC threshold (18.6) needs to be applied to its absolute value, i.e., MLE. 
Figure 4. Schematic illustration of a cross section of the CMOD5n GMF shown in Figure 
1. Note that 
sz
  refers to a point on the cone surface as determined by inversion; 
0A

represents the major axis location at this cross section; and 0z
  depicts the measurement 
triplet. 
Figure 5 shows a 2-D histogram of the ASCAT retrieved wind speed versus the 1st rank 
MLE value (hereafter referred to as MLE), where the 1st rank solution corresponds to the 
absolute minimum in Eq. 1, i.e., the closest distance between the ASCAT triplet and the 
CMOD5n cone surface. A good fit of CMOD5n to the ASCAT measurements is 
represented by a symmetric MLE distribution in Figure 5, i.e., same MLE distribution 
inside and outside the cone. For mid to high winds this is roughly the case. However, at 
low winds, a very distinct behaviour is shown. Around 4 m/s most of the triplets lie inside 
the cone, indicating a clear misfit of the CMOD5n GMF. At very low winds (below 2m/s), 
we see the opposite behaviour, i.e., most of the triplets lie outside the cone. This is due to 
the closing of the cone as it approaches its origin, i.e., the origin of the measurement space 
(zfore, zaft, zmid) = (0, 0, 0). By construction the CMOD5n zsi values for the different beams 
(incidence angles) will converge at zero winds, which leads the cone cross section (as 
illustrated in Figure 4) to virtually disappear. At very low winds and 25-50 km resolution 
cells, the scatterometer mainly observes wind variability rather than a WVC-mean (close to 
0 m/s) vector wind and with little backscatter anisotropy, such that the conical surface 
closes and no triplets can reside inside the cone (see Figure1), which therefore mostly lie 
outside the (very small) cone cross section. 
Although, due to the effects described above, the scatterometer wind direction skill is low 
at low winds, the scatterometer wind vector error is about the same at low winds as it is at 
moderate and high winds [29]. Moreover, it is most relevant to study the effect of the MLE 
sign on QC above 4 m/s. The analysis in the following section is therefore focused on 
scatterometer winds above 4 m/s. 
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Figure 5. Two-dimensional histogram of the ASCAT retrieved wind speed versus MLE 
value for the 1st-rank solution (i.e., corresponding to closest distance between the triplet 
and the cone surface). The contour lines are in logarithmic scale: every two steps is a 
factor of 10 and the lowest level is at 14 WVCs per bin. The negative MLE values 
correspond to points outside the cone, the positive MLE values correspond to points inside 
the cone. 
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4 MLE sign analysis 
To characterize the correlation between the MLE and the quality of retrieved winds, 
ECMWF winds are used as reference. One year (2008) of collocated ASCAT and ECMWF 
data are used in the analysis. Figure 6 shows the mean VRMS difference between ASCAT 
and ECMWF winds as a function of the MLE magnitude and sign, i.e., MLE. There is a 
clear distinct behaviour for positive and negative MLE values in terms of data quality. On 
the one hand, ASCAT winds derived from triplets located inside the cone rapidly decrease 
in quality as the triplets distance to the cone surface increases (i.e., see steep increase of 
VRMS as a function of MLE, for positive MLE values). The quality degradation is 
present in both wind speed and direction components (not shown). On the other hand, for 
triplets lying outside the cone surface, the ASCAT wind quality degradation is generally 
small regardless of the triplet distance to the cone (see the relatively small slope of the 
VRMS curve as a function of MLE, for negative MLE values). As such, since January 
2010, the AWDP QC procedure was updated to account not only for the MLE magnitude 
but also for the MLE sign. In particular, the new QC procedure does not reject any wind 
data from triplets located outside the cone surface (i.e., with negative MLE values). The 
MLE threshold value is kept the same (18.6), although it is not applied to the absolute 
value of the MLE but to the MLE value itself. As shown in Table 1 (in parenthesis), the 
new QC rejects about 0.39% of data, i.e., about 12% less rejections than the old QC. Also 
note that while the VRMS of accepted data is about the same (1.79 m/s), that of rejected 
data is 0.44 m/s larger with the new QC, denoting an improved effectiveness of the latter. 
Figure 7 shows the histogram of the wind direction relative to the ASCAT mid beam 
direction for two different wind sources, i.e., ASCAT (solid) and ECMWF (dotted), and for 
three different MLE intervals: -18.6 < MLE < 18.6 (top), MLE > 18.6 (mid), and 
MLE < -18.6 (bottom). Note that the top (mid) panel represents QC-accepted (QC-
rejected) WVCs in both the previous (before January 2010) and the current AWDP QC. 
The bottom panel shows the WVCs previously rejected and currently accepted. 
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Figure 6. Mean vector root-mean-square (VRMS) difference between ASCAT and ECMWF 
winds as a function of MLE. Note that negative (positive) values correspond to triplets 
outside (inside) the cone surface. 
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Figure 7. Wind direction (with respect to the ASCAT mid beam azimuth) histograms for 
ASCAT (solid) and ECMWF (dotted) winds for -18.6 < MLE < 18.6 (top), 
18.6 < MLE < 40 (middle) and -40 < MLE < -18.6 (bottom).
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The top and middle panels correspond to the MLE intervals where both old and new QCs 
coincide. The ASCAT wind direction distribution is very similar to that of ECMWF for the 
QC-accepted WVCs (top), following the good agreement between both wind sources in 
Table 1. However, for rejected WVCs (mid), the ASCAT distribution is substantially 
different from that of ECMWF. The former has clear artificial (non geophysical) 
accumulations at certain wind directions (see solid curve peaks while the dotted curve is 
rather flat). This systematic effect in the direction retrievals is well known in scatterometry 
and has been reported by several authors (e.g., [26], [30]). It is undesirable and therefore 
important to remove or at least to mitigate. As such, by detecting such artefacts, the QC 
shows good performance. 
Regarding the MLE interval where old and new QCs differ (bottom panel), although 
ASCAT wind directions present a somewhat more modal distribution than that of 
ECMWF, it is clear that both distributions are rather similar, indicating a fair ASCAT wind 
direction skill for MLE < -18.6 . This is consistent with the rather small VRMS values 
shown in Figure 6 at such MLE interval. 
An explanation for the different wind direction skill (and therefore wind vector skill) for 
triplets located far inside and far outside the cone surface is the following. Lets assume, 
for example, a true wind with a crosswind direction (relative to mid beam), which can be 
represented in Figure 4 by a point at the bottom of the cross section. Take a measurement 
triplet ( 0z
 ) inside the cone and close to the true wind direction and move it away from the 
surface. At a certain point, the triplet may lie closer to the opposite side of the cross 
section, i.e., the top part (upwind/downwind directions), therefore leading to a set of very 
wrong wind directions in the retrieval process. Another interesting effect is that when the 
triplet lies close to the centre of the cross section, in which case a loss of wind direction 
skill is evident, the number of retrieved wind direction ambiguities increases from two 
(typical case for ASCAT) to four (not shown). Now, take the same crosswind triplet, but 
this time located outside the cone, and move it down away from the surface. The triplets 
closest distance to the cone will remain in the crosswind region, indicating that the wind 
direction skill is not much affected in this case. Moreover, the number of retrieved 
ambiguities remains the same, i.e., two (not shown). Similarly, fore or aft noise 
contributions cause larger wind direction errors for triplets within the cone than for triplets 
outside the cone (not shown). 
As such, the AWDP QC has been updated in January 2010 to also account for the sign of 
the MLE value. In the current version of the AWDP, any WVC with MLE > +18.6 is 
flagged as poor wind quality. Note that this QC threshold is used as reference to test the 
rain impact on ASCAT data in sections 5 and 6. Since only the signed MLE metrics is used 
in the remaining sections of this document, MLE is hereafter referred to as MLE. 
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5 Rain impact on ASCAT MLE 
Figure 8 shows the histogram of MLE (i.e., distance-to-cone) values for different rain rate 
(RR) intervals. There is a clear bias of the MLE distributions towards positive MLE values 
(i.e., triplets located inside the cone) as RR increases. At RR= 0 mm/hr, the MLE 
distribution is almost symmetric with respect to the cone surface (almost the same 
distribution inside and outside the cone). In contrast, at RR above 6 mm/hr, most of the 
WVC triplets are located inside the cone (positive MLEs), with a substantial amount of 
triplets located very far away from the surface (large positive MLE values). This is an 
expected effect, since rain tends to produce a loss of anisotropy of the radar signal, 
therefore projecting the backscatter triplets inside the cone surface. 
As mentioned in Section 4, the AWDP MLE-based QC does filter WVCs with 
MLE > +18.6. Negative MLEs (triplets outside the cone) are not filtered regardless of their 
magnitude (distance-to-cone). As the RR increases more WVCs with large positive MLEs 
are obtained and therefore filtered by QC. As shown in section 4, a loss of anisotropy of the 
radar signal results in lower quality winds. As such, the loss of anisotropy due to rain is 
consistent with the AWDP QC. 
Another interesting wind inversion parameter to examine is the number of ambiguities. Due 
to measurement noise and a highly non-linear GMF, scatterometer wind inversion does not 
yield a single wind solution but typically up to four wind solutions or ambiguities [25]. For 
ASCAT, the cone is a double-folded manifold, which usually implies dual ambiguity. 
Figure 9 shows the histogram of the number of ambiguities for different RR intervals. It is 
clear that for RR=0 mm/hr, most of the WVCs have only 2 ambiguities. For increasing RR, 
the number of ambiguities increases. As discussed in section 4, ASCAT WVCs with poor 
quality retrieved winds usually have 3 or 4 wind ambiguities. Figure 9 therefore suggests 
that as RR increases the quality of the retrieved winds decreases. This result is in line with 
the MLE response to RR shown in Figure 8. 
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Figure 8. MLE histogram for different rain rate (RR) intervals. Note that every coloured 
line corresponds to a different RR interval (see legend). The number of WVCs for each 
histogram is also provided in the legend. 
In summary, although MLE increases with RR, it is clear that with the current operational 
QC, many WVCs with MLE < +18.6 are affected by rain, even at high RR values (see 
Figure 8). One can further constrain the QC by reducing the MLE threshold. In doing so 
though, a significant amount of rain-free good quality WVCs will also be filtered out. As 
such, the MLE-based QC does not effectively screen rain for ASCAT. Nevertheless, the 
impact of rain on ASCAT wind retrieval quality needs to be assessed before drawing any 
conclusion on the MLE-based QC. This will be done in the next section. 
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Figure 9. Number of ASCAT retrieved wind solutions (ambiguities) for different rain rate 
(RR) intervals (see legend). 
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6 Rain impact on ASCAT retrieved winds 
6.1 ASCAT-ECMWF-TMI analysis 
To characterize the correlation between the RR and the quality of ASCAT retrieved winds, 
ECMWF winds are used as reference. Figure 10 shows the mean vector root-mean-square 
(VRMS) difference between ASCAT and ECMWF winds as a function of RR for different 
geographical locations. The solid line represents the results for the entire (global) 
collocation dataset. As expected, there is an increasing degradation of ASCAT derived 
winds for increasing rain rates. However, the substantial degradation within the first few 
mm/hr bins (the mean VRMS value is roughly doubled from RR=0 mm/hr to RR= 3mm/hr) 
is beyond the expected (small) rain impact in the C-band backscatter for such (low) rain 
rates. This increase in VRMS can alternatively be interpreted as an increase of ECMWF 
wind errors over rainy areas. Since most ASCAT TMI collocations are within the tropics, 
ECMWF may be missing near-equatorial rain-related effects, such as downbursts and 
convergence. 
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Figure 10. Mean vector root-mean-square (VRMS) difference between ASCAT and 
ECMWF winds (thick lines) and percentage of data (thin lines) as a function of TMI rain 
rate (bins of 1 mm/hr), for three different geographical regions: global (solid), the ITCZ 
Pacific region (dotted) and the Extratropical Pacific (dashed). 
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Figure 11 shows the wind speed histogram of both ASCAT (a) and ECMWF (b) winds for 
different TMI-derived RR intervals. There is a clear positive wind speed shift in the 
ASCAT distributions for increasing RR which is not present in the ECMWF distributions. 
Although the (ASCAT) positive shift is consistent with the already mentioned rain 
splashing effect, the latter is expected to be small at such (low) rain rates. Moreover, 
downbursts and convergence are known to produce an increase in wind speed which is not 
well resolved by ECMWF (see rain-independent histograms in Figure 11b). However, for 
RR above 6 mm/hr, the difference between ASCAT and ECMWF wind distributions is 
well beyond the ECMWF uncertainty for rainy conditions, indicating a noticeable rain 
impact in the radar backscatter signal at such rain regimes. 
As shown in Section 2, there are about 12 times more rain-free WVCs than rainy WVCs in 
the collocation dataset (see Figure 2). Moreover, the spatial distribution of rain-free and 
rainy datasets is remarkably different. This implies that the (true) wind distributions can 
indeed be substantially different for both datasets, therefore misleading the interpretation of 
the results in Figures 10 and 11. To ensure similar true wind distributions for rain-free and 
rainy conditions, the wind verification against ECMWF is performed in two different areas 
of interest with substantial collocations under rainy conditions, i.e., the ITCZ Pacific and 
the Extratropical Pacific areas (see Figure 2). Moreover, to match rain-free and rainy wind 
distributions a more restrictive selection procedure is used by only taking rain-free WVCs 
in the vicinity of rainy WVCs. 
Going back to Figure 10, The VRMS scores are also shown for the ITCZ Pacific (dotted) 
and the Extratropical Pacific (dashed) areas. In comparison with the overall scores (solid), 
these two regions show a lower VRMS increase for low RR. In fact, VRMS scores are 
much higher in the Pacific areas for RR=0 mm/hr, notably in the Extratropics (dashed). 
Since ASCAT is known to perform well under rain-free conditions, this suggests that 
ECMWF does not well resolve the air flow in the vicinity of rainy areas, and therefore 
neither in rainy areas. Another explanation for the high VRMS in rain-free (according to 
TMI) WVCs neighbouring rainy WVCs is that in fact ASCAT winds may indeed be 
affected by rain. This is due to the time separation of up to 30 minutes allowed between 
ASCAT and TMI sensing time (see Section 2). In such period of time a neighbouring rainy 
cell may have moved several km, producing in turn a significant collocation error between 
ASCAT and TMI data. To reduce the collocation error, VRMS scores are recomputed with 
a new ASCAT-ECMWF-TMI collocated dataset using a reduced time separation of up to 
15 minutes. Similar scores to those shown in Figure 10 are obtained. As such, although 
some rain contamination of the ASCAT radar footprint may occur for TMI rain-free 
collocated WVCs, this should be small. The results with the 15-min dataset therefore 
reinforce the conclusion that ECMWF does not well resolve atmospheric dynamic features 
under rainy conditions, such as downdrafts. 
Figure 12 shows the same as Figure 11 but for the ITCZ Pacific area. Note that, in contrast 
with Figure 11b, the ECMWF wind speed distributions (Figure 12b) are very similar for 
rainy and rain-free (near rain) WVCs, as expected. The ASCAT wind speed distributions 
(Figure 12a) though, show a similar increasing positive shift with increasing RR to that of 
Figure 11a. 
Figure 13 shows the histogram of ASCAT (top) and ECMWF (bottom) wind direction 
relative to the ASCAT mid antenna beam for different RR values. The ASCAT wind 
direction distribution is very similar to that of ECMWF for rain-free WVCs, denoting good 
agreement between both wind sources. However, for rainy WVCs, the ASCAT distribution  
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Figure 11. Global wind speed histograms of both ASCAT (a) and ECMWF (b) winds for 
different TMI-derived RR intervals (see legend). 
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Figure 12. Same as Figure 11 but for the ITCZ Pacific region. 
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Figure 13. Histogram of ASCAT (a) and ECMWF (b) wind direction relative to the ASCAT 
mid antenna beam (e.g., 0° corresponds to wind blowing towards the mid beam), for 
different RR intervals (see legend). Note that only WVCs with retrieved wind speed above 4 
m/s are used. 
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is substantially different from that of ECMWF. The former has clear artificial (non-
geophysical) accumulations, especially at crosswind directions (90° and 270°), increasing 
with RR. The same wind direction artefacts are found for the two Pacific areas, as well as 
when reducing the collocation time to 15 minutes (not shown). This systematic effect in the 
wind direction retrievals is well known in scatterometry and has been reported by several 
authors (e.g., [26], [30], [31]). It is associated with scatterometer reduced wind direction 
skill. As discussed in section 4, this effect usually occurs for ASCAT triplets located inside 
the cone and far from the surface. As such, the operational MLE-based QC generally shows 
good performance by detecting and filtering such artefacts. However, this is not the case 
under rain conditions. The same crosswind accumulations are found when repeating Figure 
13 but only for WVCs with -2 < MLE < +2, i.e., for triplets located near the cone surface. 
Another interesting point is that the lack of ASCAT crosswind accumulations for rain-free 
WVCs in Figure 13a is also seen in the distributions of the Pacific areas (not shown). This 
further confirms that, in Figure 10 (dashed and dotted lines), ASCAT winds are not 
(significantly) rain contaminated at the RR=0 mm/hr bin, and that the large VRMS at such 
bin is mostly due to ECMWF inaccuracies. 
6.2 ASCAT-ECMWF-buoy analysis 
To better disentangle the ASCAT and ECMWF rain effects, an independent wind source, 
such as buoy wind information, is required. Unfortunately, as mentioned in section 2, very 
few data are obtained from collocating all available buoy wind information with the 
ASCAT-ECMWF-TMI dataset. A 4.5 year (almost the entire ASCAT mission) collocated 
ASCAT-ECMWF-buoy winds + buoy rain dataset is used instead (see section 2). Two 
different RR parameters have been computed from buoy rain gauge time series: a 2-hourly 
RR and a daily average RR. 
The 2-hourly RR has a very similar distribution to that of TMI rain (not shown). This is in 
line with the results found by [32]. In particular, [32] finds that the maximum correlation 
between TMI and buoy rain gauge precipitation data is achieved by temporal averaging the 
buoy RR measurements around the satellite overpass time. The optimal temporal averaging 
window varies within 2-10 hours, depending on the spatial resolution of the TMI products. 
In particular, a 2-hour averaging is deduced to be optimal for spatial resolutions of 25-50 
km, such as those of TMI and ASCAT. Therefore, the presence of significant 2-hourly RR 
should be a good indicator for rain contamination (surface splashing effect) of the ASCAT 
backscatter signal. Note however that rain-induced downdrafts are also expected. 
The daily RR average is expected to effectively segregate rainy areas from dry areas, since 
atmospheric waves in the tropics are rather large-scale. In particular, for no significant 
daily RR, one expects no rain-related effects, i.e., no rain splashing or downdrafts effects. 
Due to the lack of collocations, a detailed analysis as a function of RR values, as performed 
in section 6.1, cannot be done. A simple analysis using a combination of the two RR 
products (i.e., 2-hourly and daily) and two different RR intervals, i.e., RR < 0.1 mm/hr and 
RR > 0.1 mm/hr, is carried out. Table 2 provides the number of collocations for the four 
possible combinations, i.e., categories C1-C4. Note that the results for C2 will not be 
shown since they lack statistical significance (very few amount of collocations). The results 
are however in line with the results in C1. This is expected since C2 presents low 2-hourly 
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RR values (all below 1.5 mm/hr), further confirming that for daily RR < 0.1 mm/hr 
(C1+C2), the winds mostly correspond to dry stable atmospheric conditions. In contrast, 
categories C3 and C4 mostly correspond to rainy and unstable conditions. The main 
difference between these two categories is that C3 does not likely show local (at satellite 
overpass) rain conditions. As such, mainly rain-induced downdrafts are expected in C3, 
while both rain-induced downdrafts and local rain (splashing effect) are expected in C4. 
Table 2. Number of ASCAT-ECMWF-buoy collocations per rain category 
 2h-Rain<0.1mm/hr 2h-Rain>=0.1mm/hr 
1D-Rain<0.1mm/hr 2650 [C1] 59 [C2] 
1D-Rain>=0.1mm/hr 506 [C3] 198 [C4] 
In contrast with the dataset used in section 6.1, the ASCAT-ECMWF-buoy dataset contains 
three different wind sources. As such, a triple collocation analysis, as performed with a 
similar dataset by [33], can be performed in order to calibrate two winds sources (ASCAT 
and ECMWF) to a reference source (buoy). The calibration is carried out for dry winds 
only (i.e., C1, or likewise, C1 + C2) since the triple collocation analysis does not work well 
when mixing very different wind variability regimes (such as those from dry and wet 
winds). Moreover, as seen in Table 2, over rainy areas, there is little amount of collocations 
and therefore no statistically significant results are expected. Also important, by calibrating 
only in dry wind conditions, any bias in ASCAT or ECMWF winds (w.r.t. buoy winds) 
due to rain effects becomes more evident. 
Figure 14 shows the scatter plots of ASCAT versus buoy winds (left) and ECMWF versus 
buoy winds (right) for wind speed (top) and wind direction (bottom) in C3. The left plots 
clearly present less scatter along the diagonal than the right plots, showing better agreement 
of ASCAT winds w.r.t. buoy winds than ECMWF w.r.t. the buoys. This is confirmed by 
both the correlation and the RMS scores (see legend in Figure 14). However, since the 
number of collocations is small, the wind direction scores are very much influenced by a 
few outliers. By filtering these outliers, the RMS scores are reduced significantly, notably 
those of the ASCAT versus buoy wind directions (see Table 3). The scatter plots for C4 
show a similar pattern than those of C3 (not shown). The effect of outliers in ASCAT 
statistics is even more exaggerated (see Table 3). 
Interestingly, ASCAT wind directions do not show accumulations w.r.t. buoy wind 
directions (see Figure 14c). In contrast, ECMWF wind directions seem to accumulate 
around 90° and lack around 180° and 360° w.r.t. buoys (see Figure 14d). These wind 
direction patterns are even more pronounced in C4 scatter plots (not shown), suggesting 
that ECMWF wind directions are inaccurate under rain conditions. 
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Figure 14. Scatter plots of ASCAT versus buoy (left) and ECMWF versus buoy (right) for 
wind speed (top) and wind direction (bottom) on rainy days, but without rain within an 
hour of the ASCAT overpass [C3]. Note that only buoy winds above 4 m/s are used in the 
wind direction plots. The legend shows the correlation coefficient (CC), the standard 
deviation (SD) and the RMS difference. 
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Table 3 shows the VRMS difference between ASCAT and buoy winds (first column) and 
ECMWF and buoy winds (second column) for categories C1, C3, and C4. In general, 
ASCAT winds are in better agreement with buoy winds than those of ECMWF, indicating 
that ASCAT resolves smaller scales than ECMWF. In unstable (high wind variability) 
conditions (e.g., C3), area-mean winds (ASCAT and ECMWF) tend to differ more (larger 
VRMS) from point measurements (buoys) than in stable (low wind variability) conditions 
(C1). In C3, where the presence of rain-induced downdrafts is likely, ASCAT winds are 
clearly in better agreement with buoy winds than ECMWF. In C4, the VRMS scores are 
higher than in C3. Although ASCAT is still in better agreement with buoys than ECMWF, 
the difference in VRMS is smaller. This suggests a possible influence of the rain splashing 
effect in the ASCAT retrieval quality. 
Table 3. VRMS difference between ASCAT and buoy winds (first column) and between 
ECMWF and buoy winds (second column). In parenthesis, the same VRMS scores after 
filtering (3-sigma QC) 46, 12, and 15 outliers in C1, C3, and C4, respectively. A 3-sigma 
filtering has been applied, where sigma is 1.5 m/s in both u and v components. 
 ASCAT  Buoy (m/s) ECMWF  Buoy (m/s) 
C1 1.78 (1.57) 2.29 (2.16) 
C3 2.74 (2.41) 3.54 (3.34) 
C4 4.26 (3.45) 4.34 (4.00) 
Figure 15 shows the wind speed distribution of the three wind sources for C3 (left panel) 
and C4 (right panel). In C3, the distributions are quite similar, notably buoy and ASCAT 
ones. However, in C4, the ASCAT distribution presents a positive shift with respect to the 
buoy distribution. This shift is similar to the one discussed in section 6.1, suggesting a 
noticeable impact of the rain splashing effect on the ASCAT retrieved winds. 
Figure 16 shows two different buoy wind and rain time series, together with the collocated 
ECMWF forecasts for the period of ±24 hours of the ASCAT satellite overpass time. Note 
that these ECMWF forecast winds have been retrieved from the archive at a 31 km grid in 
order to reduce possible resolution issues due to spatial averaging. The first case shows an 
important rain event with its associated high wind variability pattern, including downdrafts. 
It is clear that ECMWF does not resolve such high resolution wind pattern, since it varies 
rather smoothly over this period. The second case shows again a case of high wind 
variability. Although no significant rain was recorded by the buoy, the downdraft-like wind 
pattern suggests the presence of rain cells in the vicinity. Again, the ECMWF wind pattern 
is rather smooth. In contrast, ASCAT is well resolving these high wind variability cases, as 
indicated by its good agreement with the collocated buoy wind (at the satellite overpass 
time). 
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In summary, small-scale wind variability appears to increase with rain occurrence. 
ECMWF does not well resolve the air flow near rain and is rather smooth. ASCAT winds 
are much better here, but show some systematic effects in the wind direction distributions 
when compared with ECMWF. The buoy analysis however reveals systematic effects in 
ECMWF wind directions rather than in ASCAT wind directions under rainy conditions. An 
increase in ASCAT wind speed bias in tropical rain may be due to splash effects. The 
MLE-based QC can detect and filter such rain effects, but possibly with rather low 
probability of detection and/or high false-alarm rate. An alternative method may therefore 
be useful to complement the current QC. 
                            a) 
                            b) 
Figure 15. Histograms of buoy (solid), ASCAT (dotted) and ECMWF (dashed) wind speeds 
for C3 (a) and C4 (b). Due to the small number of collocations, the binning is set to 2 m/s. 
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             a) 
             b) 
Figure 16. Time series of buoy winds and rain, and ECMWF wind forecasts for the period 
of ±24 hours of the ASCAT satellite overpass (see legend). The black circle represents the 
ASCAT retrieved wind speed. The first time series (a) corresponds to buoy 52003 [8°S, 
165°E] and is centered on August 10 2007 at 22:00 UTC. The second time series (b) 
corresponds to buoy 52007 [5°N, 165°E] and is centered on July 5 2007 at 10:00 UTC. 
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7 Conclusions 
The ASCAT level2 wind QC method, based on the inversion residual or MLE, is generally 
very useful in discriminating good wind quality WVCs from poor quality WVCs. The QC 
is improved by taking into account the MLE sign in addition to the MLE magnitude. It is 
found that for triplets lying outside the cone, the ASCAT retrieved winds are generally of 
good quality, as compared to ECMWF winds. For ASCAT triplets located far away from 
the cone surface, the wind direction skill is found to be poor when triplets are inside the 
cone (MLE > +18.6) and reasonably good when the triplets are outside the cone 
(MLE < -18.6). As such, the AWDP QC has been updated in January 2010 to also account 
for the sign of the MLE value. This method is generic and opens the grounds for a more 
sophisticated QC for both past and future scatterometer missions. 
The MLE analysis is also relevant in the context of a GMF improvement. A good GMF fit 
of the backscatter measurements should result in approximately the same amount of 
measurement triplets inside and outside the GMF cone surface (except for very low winds). 
An analysis of the current C-band GMF (CMOD5n), reveals that for winds around 4 m/s, 
the majority of triplets lie inside the cone, therefore indicating a GMF misfit (see section 
3). Furthermore, spatial patterns (i.e., maps) of the MLE sign are found to be correlated 
with sub-cell wind variability, indicating the potential sensitivity of scatterometer systems 
to the presence of, e.g., wind gustiness. 
The effectiveness of the MLE-based QC is specifically assessed for rain conditions. 
Although some correlation between the MLE value and the RR is found, the operational 
QC proves to be little effective in rain screening, i.e., by maximizing heavy-rain-
contaminated WVC filtering, a substantial amount of rain-free good quality WVCs are 
inevitably filtered too. However, the effect of rain appears mainly in increasing the wind 
variability near the surface and, unlike for Ku-band scatterometers, RR itself does not 
appear clearly as a limiting factor in ASCAT wind quality. 
To assess the impact of rain in the ASCAT wind retrieval quality, ECMWF winds are used 
as reference. It turns out that ECMWF does not well resolve the air flow under rain 
conditions. ASCAT winds however, show systematic effects in wind speed and direction 
distributions as a function of RR, which can be attributed to rain-induced wind-related 
effects, such as downbursts and/or convergence, but possibly also to splash effects for 
heavy rain. These systematic effects lead to degraded ASCAT wind quality, most notable 
for RR above 6 mm/hr. These results are corroborated with an independent buoy wind and 
rain dataset. Moreover, the buoy analysis reveals inaccuracies and systematic effects in 
ECMWF wind directions rather than in ASCAT wind directions under rainy conditions. 
However, the collocated buoy dataset is rather limited. Further analysis on the ASCAT 
wind speed and direction artefacts will be carried out provided that a larger buoy (wind and 
rain) dataset becomes available. In addition, other independent and reliable data sources 
will also be explored. 
To contribute to the current ASCAT operational QC, further analysis is required. An 
alternative image processing technique, known as Singularity Analysis (SA), has been 
recently proposed as a complementary QC tool [34], in addition to the current ASCAT 
MLE-based QC. The SA uses multiscale wavelet projections to calculate the singularity 
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exponents associated to a given signal. The singularity exponents are measures of the local 
regularity or irregularity of the signal and provide information about existing geophysical 
structures, characterized as singularity fronts [35]-[37], but also about any transition due to 
the presence of processing artefacts. Although further elaboration is needed, the method 
shows potential for complementing and therefore improving the current MLE-based QC 
[34]. Furthermore, the SA algorithm is computationally inexpensive and as such, if proved 
to be effective, it could be incorporated in AWDP for near-real-time (NRT) processing and 
reprocessing purposes. Future work will focus on analysing the relation between singularity 
fronts, for the ASCAT wind vector and each wind component (i.e., U, V, speed and 
direction) separately, and all geophysical phenomena which affect the radar backscatter 
signal, including rain, local wind variability, confused sea state, etc.  
Both the MLE QC-based and the singularity analysis methods are expected to be more 
effective when applied on higher-resolution ASCAT products, i.e., 12.5-km and coastal 
products (see the OSI SAF wind product overview at http://www.osi-saf.org or 
http://www.knmi.nl/scatterometer/). On the one hand, ASCAT is expected to better resolve 
higher resolution wind phenomena (e.g., convergence and downbursts); on the other hand, 
the rain splashing signal, being patchy and intermittent, is expected to become more 
evident at smaller ASCAT footprints. As such, we proceed to extend this study to the 
ASCAT high-resolution products. 
Note that this report is based on references [34] and [38]. 
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Acronyms and abbreviations
Table 4  List of acronyms and abbreviations
Name Description 
AMI Active Microwave Instrument
ASCAT Advanced scatterometer
AWDP ASCAT Wind Data Processor
BUFR Binary Universal Form for Representation (of meteorological data) 
CMOD C-band geophysical model function used for ERS and ASCAT 
CSIC Consejo Superior de Investigaciones Científicas
ECMWF European Centre for Medium-Range Weather Forecasts 
ERS European Remote sensing Satellite
ESA European Space Agency
EUMETSAT European Organization for the Exploitation of Meteorological Satellites
GMF geophysical model function
GTS Global Telecommunication System
KNMI Koninklijk Nederlands Meteorologisch Instituut 
(Royal Netherlands Meteorological Institute) 
METOP Meteorological Operational satellite
MLE maximum likelihood estimator
NWP numerical weather prediction
OSI Ocean and Sea Ice
QC Quality Control 
RR Rain Rate 
SAF Satellite Application Facility
SD standard deviation
WVC wind vector cell 
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